As-cast and as-extruded Mg-[x]Zn-0.3Mn (x=1.5, 2.0 wt.%) alloys were prepared by means of medium-frequency induction-heating technique and extrusion process, respectively. The microstructural characteristics, thermal conductivity and mechanical properties of the samples were characterized.
Introduction
Magnesium alloys have attracted more and more attention due to their excellent application properties which include high specific strength for light structural materials and proper thermal conductivity [1] [2] [3] [4] [5] [6] . Among the magnesium alloys, Mg-Zn based alloys are one kind of the most widely used magnesium alloys 7, 8 . The addition of Zn plays the role in solution strengthen. Ying et al. studied the thermal characteristics of Mg-Zn alloys and found that the thermal conductivity of the alloys decreased remarkably with increasing Zn composition 9 . Pan et al. reported the thermal conductivity of Mg-Zn alloys at room temperature. Their results also showed that thermal conductivity decreased with the increasing content of Zn. The additive amount of Zn for moderate thermal conductance should be around 2 wt.% 10 .
Furthermore, other element such as Mn could play an important role in improving the properties of Mg alloys. As an alloying additive, Mn can enhance heat resistance of the Mg alloys and refine the grain size. Recently, it was reported that the addition of Mn element can improve the mechanical properties of Mg-Zn-Al, and the Mn addition amount for good mechanical properties is about 0.4 wt.% 11 .
From the application point of view, besides good thermal conductivity, the mechanical properties of magnesium alloys are also very important. The mechanical properties can be further increased by deformation processing such as extrusion.
Begum et al. found that mechanical properties of AZ31 magnesium alloy can be improved by extrusion 12 . Homma et al. fabricated high-strength Mg-Gd-Y-Zn-Zr alloys by extrusion 13 .
Especially, the properties of magnesium alloys are related to their microstructural characteristics including dislocations, grain boundaries and second phases, which are strongly affected by the addition of alloy elements and deformational processing. Nowadays, the researches of the properties of Mg-Zn-Mn alloys are mostly focused on the mechanical properties [14] [15] . There are few reports about thermal properties of Mg-Zn-Mn alloys with variable Zn content.
In this paper, the as-cast and as-extruded Mg-[x]Zn-0.3Mn (x=1.5, 2.0 wt. %) samples were prepared. Their microstructure, thermal conductivity and mechanical properties were characterized. The correlation between thermal conductivity, mechanical properties and microstructure was discussed to reveal the mechanism of high thermal conductivity and mechanical properties for the as-extruded samples.
Experimental Procedures
Commercial high-purity Mg (>99.98 wt.%), Zn (>99.95 wt.%), and one kind of master alloy (Mg-5.2 wt.% Mn) were used to fabricate the magnesium alloy samples. The nominal composition of the alloys was designed as Mg-1.5Zn-0.3Mn (marked as 1#) and Mg-2Zn-0.3Mn (marked as 2#) respectively. The as-cast Mg alloy ingots were prepared by medium-frequency induction-heating technique.
The size of the ingots was φ120 mm×400 mm. The chemical composition of the ingots was measured via an Aglient-5100 ICP-OES. The analyzed results of the composition are listed in Table 1 . According to Table 1 , the true Zn content of the ingots has less than 20% deviation to the nominal composition.
Then the thermal conductivity (K) was calculated via the following Eq. (2)： (2) where K (W/m·K) is the thermal conductivity, Cp (J/kg·K) is the specific heat capacity, α (m 2 /s) is thermal diffusivity and ρ (kg/m 3 ) is the density 16 .
The mechanical properties measurements were conducted via one universal tensile testing machine. For the as-extruded samples, the tensile specimens were machined along the extrusion direction (ED) with a gauge length of 50 mm and a cross-sectional size of 6×2mm. The tensile tests were carried out at a tensile rate of 1 mm/min at room temperature. Fig. 1 shows the XRD patterns of the alloy samples. It can be seen from Fig.1 that the phases of the as-cast and asextruded alloys are composed of major α-Mg solid solutions. The peaks of MgZn 2 phases are also displayed. However, the strength of MgZn 2 phases is very weak, implying that the MgZn 2 phases are second phases and the amount of MgZn 2 phases is much less. In addition, it is noteworthy that it is difficult to compare the content of MgZn 2 phase in each sample according to the XRD spectra. Fig.2 shows the optical micrographs of the as-cast and as-extruded Mg-xZn-0.3Mn alloys. As shown in Fig. 2 (a) and Fig.2 (b) , the alloys phases are mostly composed of α-Mg matrix. Some little second phases are distributed in the grains of α-Mg. Based on the former XRD results, the second phases should be MgZn 2 . In the process of preparing as-cast alloy, if the content of Zn in solid solution was supersaturated, MgZn 2 phase would precipitate when the sample was cooled 17 . Besides, it is observed that the grain size of as-cast alloys with two components is not significantly different. After extrusion, as shown in Fig. 2 (c) and Fig.2 (d) , the average grain size obviously decreased. In the extrusion process, the temperature was kept at 673K, which exceeded the recrystallization temperature of magnesium alloy, about 525K. Therefore, recrystallization would occur during extrusion. Some of the as-cast alloy ingots were extruded in boards to obtain as-extruded alloy samples. The extruding board size was 2000 mm in length, 70 mm in width and 10 mm in thickness (cross section). The extrusion processing was as follows: extrusion temperature 673 K, extrusion ratio 9:1 and extrusion rate 2 mm/s. After extrusion, the samples were cooled in air.
Results and Discussion

Microstructure analysis
Measurement of crystal structure of the as-cast and asextruded alloy samples and phase analysis were performed via one X-ray diffraction meter with a Cu target. Microstructural morphology of the alloy samples was observed via one optical microscope (OM) and one transmission electron microscope (TEM).
The room temperature density of the samples was obtained by AL204 electronic balance, and the density at elevated temperatures was calculated using the following Eq. (1) .
(1)
Where ρ 0 (kg/m 3 ) is the density at room temperature, T (K) is the absolute temperature 16 . The density data of the samples at temperatures ranging from 298 K to 573 K are shown in Table 2 .
The samples for thermal properties measurement were disks cut from the as-cast and as-extruded alloys, 12.7 mm in diameter and 2.5 mm in thickness. The thermal diffusivity (α) and specific heat capacity (Cp) of the alloy samples were measured at temperatures ranging from 298K to 573K via an NETZSCH LFA467 flash analyzer. Recrystallization resulted in significant refinement of the grains 9, 18, 19 . Furthermore, comparing with the as-cast samples, the size of second phases in the as-extruded samples diminished and their amount became more. According to the analysis results of the phase analysis tool software of metallographic microscope, for as-cast samples, the proportion of the second phase in the surface of 1 # and 2 # samples was 0.58% and 0.71% respectively. For as-extruded samples, the proportion of the second phase in the surface of 1# and 2# samples increased to 1.15% and 1.52% respectively. Fig. 3 shows the TEM images of the Mg alloy samples. As shown in Fig. 3 (a) and Fig. 3 (b) , many dislocations appeared in the as-cast alloy samples. Usually the dislocations were firstly caused by the inhomogeneous diffusion of atoms such as Mg、Zn and Mn during the melting process. Secondly, the solidification process of as-cast alloy was fast and belonged to non-equilibrium solidification, leading to the formation of more dislocations in the ascast alloys 17 . After extrusion, as shown in Fig. 3 (c) and Fig. 3 (d) , the amount of dislocations greatly decreased. As described earlier, the extrusion temperature reached 673K.
At this temperature, atomic diffusion was sufficient to fill the crystal defects, which led to the reduction of dislocations 17 . In addition, much more second phases precipitated from α-Mg matrix. According to the lattice diffraction pattern of the second phases shown in the inset in fig. 3(d) , the second phases are just MgZn 2 . Usually the Zn in the solid solution of as-cast samples still had a certain degree of supersaturation. In the hot extrusion process, the diffusion of atoms was more sufficient. The supersaturated Zn atoms in the solid solution precipitated in the form of the second phase MgZn 2 17 . Therefore, more second phases would appear in the as-extruded samples. Table 3 gives the lattice constants and lattice distortion data of the Mg alloy samples based on the XRD results. The lattice constants of pure magnesium are a 0 =3.209 Å, c 0 =5.211Å. Usually the lattice distortion is dominated by the content of solute atoms. Higher solute atom content in Mg matrix can lead to greater degree of lattice distortion 6 . Thus for 1# sample with lower Zn content, the lattice distortion degree is lower than that of Mg-2.0Zn-0.3Mn. Furthermore, the lattice distortion degree for asextruded samples is lower than that for as-cast samples. As discussed on Fig. 2 and Fig. 3 , more second phases precipitated from α-Mg matrix after extrusion. Then the content of the solute atoms such as Zn would decrease in α-Mg matrix, which resulted in the declined lattice distortion degree for the as-extruded samples.
It should be pointed out that dislocations in crystals also increase the degree of lattice distortion 17 . As shown in Fig. 3 , the dislocation density in the as-extruded samples decreased greatly, which also led to the improvement of the lattice distortion of the samples. Moreover, it is noteworthy that by further comparing the lattice distortion of 1# and 2# samples, it is found that the improvement degree of lattice distortion of 2# samples is less than that of 1 # samples after transformation from as-cast to as-extruded. Fig. 4 shows the temperature dependence of the thermal conductivity of the samples. It can be seen from Fig. 4 that the thermal conductivity of all samples gradually increased with temperature. This phenomenon conforms to the rule that the thermal conductivity of metal material varies with temperature. Usually, the heat conductance is determined by the movements of free electrons and phonons. With rising temperature, the average velocities of both free electrons and phonons movement increase. Then the thermal conductivity goes up 16 .
Thermal conductivity
Usually, in metal materials, lattice distortion has a strong effect on thermal conductivity. As shown by Table 3 , for Mg-2Zn-0.3Mn sample with higher Zn content, the lattice distortion degree is a bit higher than that of Mg-1.5Zn-0.3Mn. If the lattice distortion degree was high, the movement of electrons and phonons would be hindered 6 . Then the thermal conductivity would be reduced.
Secondly, after extrusion, the thermal conductivity of the samples is obviously improved, compared with the as-cast samples. This result differs from those of other researchers. Ying et al reported that the thermal conductivity of the asextruded Mg-Zn alloy was lower than the as-cast alloy, which was attributed to the increased grain boundaries induced by extrusion 9 . The grain boundary was considered as the main effect factor on thermal conductance. In our study, the grain size of the as-extruded sample was reduced. This may lead to a decrease in the thermal conductivity of the sample. However, according to the results discussed above, the lattice distortion of the as-extruded samples was greatly reduced. In the case of lattice distortion, electrons or phonons will be scattered strongly, which leads to the decrease of thermal conductivity 6 . Therefore, the effect of grain size reduction was offset and the thermal conductivity of the as-extruded samples increased due to the declined lattice distortion. Our results show that the thermal conductivity of materials depends very much on the microstructural properties of materials.
It is noteworthy that the difference of thermal conductivity between the two as-extruded samples is more obvious, compared with the as-cast samples. This is because the improvement of lattice distortion of 1 # as-extruded sample is higher than that of 2 # as-extruded sample, as indicated in Table 3 .
Especially, at room temperature, the thermal conductivity of as-extruded Mg-1.5Zn-0.3Mn (1#) and Mg-2Zn-0.3Mn (2#) alloys reaches 126.7 W/(m·K) and 125.2 W/(m·K), respectively, which increase by 10.5% and 10.2% compared with the corresponding as-cast samples. Fig.5 gives the engineering stress -strain curves of as-cast and as-extruded Mg-xZn-0.3Mn samples. It can be seen that the mechanical properties of the as-cast samples are much lower than those of as-extruded samples. This means that the as-cast samples are difficult to use as engineering materials. It can be noticed that, the yield strength (YS), ultimate tensile strength (UTS) and tensile elongation (EL) of the as-extruded Mg-1.5Zn-0.3Mn (1#) alloy are 155.97 MPa, 258.78 MPa, 11.73%, respectively. The results of Fig. 4 further reveal the difference of Mg-xZn-0.3Mn alloys in thermal conduction. Firstly, for the as-cast samples, the thermal conductivity of Mg-2Zn-0.3Mn alloy is slightly lower than Mg-1.5Zn-0.3Mn alloy.
Mechanical properties
The YS, UTS and EL of the as-extruded Mg-2Zn-0.3Mn (2#) are 161.0 MPa, 260.19 MPa and 12.28%, respectively. These results are apparently superior to the as-cast samples. On the one hand, as shown in Fig. 2 , after extrusion, the grain size of the samples was significantly reduced, which then leads to the fine-grained strengthening 6 . According to Hall-Petch empirical formula, the finer the grain size of metal material, the higher its strength, that is to say, the effect of fine-grained strengthening is formed 17 . On the other hand, the as-extruded alloy has more second phases including MgZn 2 phases. The second phases can play the role in second-phase strengthening, which is related to the dislocations. There are still a number of dislocations in the as-extruded samples. The interaction between the dislocations and the second phases dispersed in the grains hinders the dislocation movement and improves the deformation resistance of the alloys 17 . Thus the enhanced mechanical properties could be ascribed to both fine-grained strengthening and second-phase strengthening. It should be pointed out that the mechanical properties of the two as-cast samples with different compositions are similar. The same is true for the as-extruded samples. This may be because the grain size difference between the samples is not obvious, and the second phase distribution difference is not large enough.
Conclusion
The microstructure, thermal conductivity and mechanical properties of the as-cast and as-extruded Mg-[x] wt.Zn-0.3Mn (x=1.5, 2.0) alloys were investigated in detail. The main results are summarized as follows.
1) For the samples after extrusion, the grains became smaller. Much more second phases precipitated from α-Mg matrix and the dislocations amount reduced compared to the as-cast samples. 2) Due to the appearance of more second phases and great decrease of dislocations, the degree of lattice distortion decreased after extrusion. The lattice distortion of Mg-1.5Zn-0.3Mn is lower than that of Mg-2.0Zn-0.3Mn.
3) The as-extruded samples present enhanced thermal conductivity compared with the as-cast samples. Mg-1.5Zn-0.3Mn alloy exhibits a bit larger thermal conductivity than Mg-2Zn-0.3Mn alloy. The decline of lattice distortion degree is the dominant factor for the enhancement of thermal conductivity. 4) Fine-grained strengthening and second-phase strengthening are responsible for the good mechanical properties of as-extruded Mg-xZn-0.3Mn alloys.
